A three-oxide sodium borosilicate glass was irradiated with 2.3 MeV electrons up to 0.15 GGy and 4.6 GGy, and subsequently with 96 MeV Xe ions. The irradiated samples were characterised using Raman spectroscopy, ToF-SIMS, microhardness and surface profilometry. Electron irradiation of the pristine glasses resulted in different structural modifications at the sample surface and in the bulk of the glass, whereas, ion irradiation of either the pristine or bulk of the electron pre-irradiated glasses induced same structural, physical and mechanical property changes. Furthermore, sample surfaces showed a different behaviour than that of the bulk upon subsequent ion irradiation. These results show that the radiation sensitivity of surfaces can significantly vary depending on the type of the irradiation. Therefore, detailed studies aimed at understanding the response of the surfaces to mono and electron-ion double-beam irradiations should be undertaken to address the long-term evolution of the nuclear waste glass matrix surfaces.
Introduction
Nuclear waste glass matrices are subjected to self-irradiation damage due to alpha decay (alpha particle and recoil nuclei) and beta decay (electron and gamma) of the confined radioisotopes. Due to the short half-life time of beta-active radioisotopes, beta decays are dominant only during first few hundred years of the disposal, whereas alpha decays constitute a long-term radiation source. A typical time dependence of the alpha and beta activity and the resulting cumulative dose is shown in Fig. 1(a-d) for a glass confining the nuclear waste coming from the reprocessing of a 33 GWd/tonne fuel burnup in a pressurised water reactor. The intense beta decay, combined with the alpha decay of short-lived Cm 244 during first few hundred years can result in a glass canister temperature of about 570 K-370 K (the temperature of the canister varies as a function of the time and radius) [1] . The cumulative beta-gamma dose saturates at about 5 GGy after a few hundred years (the saturation dose depends on the initial loading). Therefore, most of the damage from beta particles will occur at an elevated temperature. On the other hand, alpha decay represents a long-term radiation source. Due to the long half-life time of most of the alpha-active radioisotopes, the dose rate is small -which will not cause any substantial temperature increase. Therefore, the long-term damage from alpha decays will mostly occur at a relatively lower temperature defined by the repository conditions. It is important to bear in mind that the long-term alpha-decay damage will be imposed on a glass matrix already pre-damaged by the electrons from beta-decays. In addition to electron irradiation, the matrices will also be subjected to gamma irradiation at the same time. The dose due to beta particles is about twice the dose due to gamma rays at any point of the time. Because beta and gamma rays cause damage mainly due to ionization, it therefore suffices to address the cumulative ionization damage due to beta-gamma particles using beta particles alone. However, one must stop short of ascertaining that the magnitude of the damage for a given amount of the dose either due to beta particles or gamma rays is the same.
Several studies have been performed in past using actinide-doping, ion, electron and, gamma irradiations on a number of simple and complex glasses to understand the response of the waste matrices to alpha and beta decays. An overview of the effects of various radiations on different glass properties can be found in the following references and the references therein [1] [2] [3] [4] [5] [6] . Usually, external ion and electron irradiations are performed on pristine glasses to various dose levels and correlated with the damage evolution of the waste matrices over time. When electron or ion irradiation effects observed in pristine matrices are correlated with beta and alpha-decay damage occurring in the waste matrices, one presumes that any defects introduced by one type of the irradiation do not in any way affect the response of the glass to the other type of the irradiation. In other words, it is assumed that the irradiation response of the pristine glasses is a good representative of the irradiation response of the glasses with pre-existing defects. However, a number of studies have been performed us Fig. 1 . Radioisotope decay Vs time in a typical nuclear waste glass matrix. (a) Alpha (black) and beta (red) activity over time; (b) Nuclear dose due to alpha decays (green), electronic dose due to alpha decays (blue) and cumulative beta-gamma dose (red) over time. Note that the beta dose is almost twice the gamma dose; (c) activity of the most dominant alpha-active radioisotopes and (d) activity of the most dominant beta-active radioisotopes. The values correspond to a waste derived from a fuel of 33 GWd/tonne burnup and 16% oxide weight waste loading. Note that the saturation beta dose is close to 5 GGy attained in about two hundred years. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) ing multiple beams (double and triple beams) [5, [7] [8] [9] [10] and it has been shown that the defects introduced by one type of irradiation may alter the response of the material to other subsequent irradiations. The combined effect of the electron and ion irradiations (or the combined effect of alpha and beta decays) on glass waste matrices has not been studied so far. It is, therefore, important to know if the electron pre-damage can affect the response of the glasses to subsequent alpha decays to better understand the long-term radiation damage in nuclear waste matrices -the aim highlighted in the graphical abstract.
The focus of this work is thus to explore whether electron pre-damage plays any significant role in altering the response of the glasses towards ion irradiation. To address this question, a sodium borosilicate glass (BS3) was irradiated with 2.3 MeV electrons up to 0.15 GGy and 4.57 GGy, and subsequently with 96 MeV Xe 136 ions to various fluences. The irradiated samples were characterised using Raman spectroscopy, ToF-SIMS, surface profilometry and Vickers microhardness.
Experiments

Samples and irradiation
The composition of the sodium borosilicate glass (BS3) is shown in Table 1 . The details about glass preparation can be found elsewhere [11] . Samples of 6 × 6x0.5 mm 3 were optically polished on all the six faces and annealed at about 895 K (Tg+20) for 15 min. Annealing was done to remove any stresses due to polishing and reduce the surface roughness to less than 1 nm. ions.cm −2 at GANIL, France (see Table 2 for details). During ion irradiation, a part of the samples was covered with thick aluminium masks to allow the comparison between ion irradiated and non-irradiated part of the samples. The irradiated samples were characterised using Raman spectroscopy, ToF-SIMS, surface profilometry and Vickers microhardness for accessing structural changes, swelling and hardness variation.
Raman spectroscopy
Horiba HR800 micro-Raman spectrometer using 532 nm excitation laser and 100x objective was used for non-polarized confocal Raman spectroscopy. The depth, lateral and spectral resolutions were 1.6 μm, 1 μm, and 1.7 cm −1 respectively. The spectra were acquired on the 6 mm × 6 mm face. A number of spectra were taken in the neighbourhood of a given location to confirm the local damage homogeneity.
Swelling
For an estimation of the irradiation induced density change, a small portion of the pristine and electron pre-irradiated samples was covered with a thick aluminium foil during Xe 136 ion irradiation to stop the ion beam within the foil (Fig. 2) . As a result of the swelling, a step was formed between the masked and ion irradiated portion of the sample. The step height was measured using Dektak150 surface profiler by scanning across the step. The step height between ion irradiated and pristine part of the samples, and between ion irradiated and electron pre-damaged part of the samples was measured. This permitted to calculate ion, electron, and electron followed by the ion irradiation induced swelling.
Vickers microhardness
For Vickers hardness measurements, Anton Paar MHT10 system using 50 gf (0.49 N) load was used. The indents were observed with Olympus BX51 optical microscope with 100x magnification objective. The value of the hardness was obtained from an average of 25 images (five indents and 5 images per indent).
Fig. 2.
Xe ion irradiation of pristine or electron pre-irradiated BS3 glass. A thick aluminum foil was used to stop the ion beam from reaching the sample to measure the step height between the pristine and irradiated regions.
ToF-SIMS
The ToF-SIMS was performed using ToF-SIMS-5 (ION-TOF, GmbH, Munster, Germany) at BioPhy, Fuveau. A 200 × 200 μm 2 area was sputtered with 1 keV Cs + ions and analysis was performed in an area of 50 × 50 μm 2 using 25 keV Bi 1 + ions. The profiles were acquired in the centre of the pristine and electron irradiated BS3 glass. More details can be found in Ref. [12] .
Results
Raman spectroscopy
Low-dose electron irradiation (0.15 GGy) and subsequent Xe Ion irradiation
Electron irradiation of the pristine BS3 up to a dose of 0.15 GGy did not result in any visible structural changes (Fig. 3) . Subsequently, pristine and 0.15 GGy electron pre-irradiated samples were irradiated with 96 MeV Xe 136 ions to various fluences ( Table 2 ). The highest fluence case (4x10 13 Xe.cm −2 ) of the Xe irradiation is shown in Fig. 4 [13] [14] [15] .
Changes in boron co-ordination and local environments of boron and silicon atoms can be inferred from the peaks in this region).
A significant modification was observed in the region from 850 cm −1 to 1260 cm −1 referred as the Q n region [10, 16, 17] 
(n represents the number of bridging oxygen atoms, and 0≤n≤4. In a fully polymerised network, each silicon atom is connected to the rest of the glass network through four oxygen atoms called as bridging oxygen atoms)
. This region gives an idea about the silica network connectivity. The structural units with a high degree of polymerization contribute towards the high-frequency side of the Q n region and the units with a low de gree of polymerization contribute towards the low-frequency side.
A relative decrease in the intensity on the high-frequency side ( > 1140 cm −1 ), and an increase in the mid frequency (>1050 cm −1 ) and low-frequency side (<1050 cm −1 ) indicate a network depolymerization. The region labelled as 'BO 3 region' gives an idea about the proportion of three coordinated boron atoms in the structure. An increase in the intensity of this region, particularly, on the high-frequency side at 1460 cm −1 suggests a general increase in the population of the BO 3 units with non-bridging oxygen atoms [18] . In addition, Xe irradiation resulted in the formation of molecular oxygen (peak at 1552 cm −1 12 Xe.cm −2 ).
High dose electron irradiation (4.57 GGy) and subsequent Xe ion irradiation
A significant structural modification was observed after electron irradiation up to 4.57 GGy. The Raman spectra were acquired on the sample surface (surface spectra) and in the bulk (bulk spectra) by fracturing the sample in the middle and taking the spectra along the fractured surface (in addition, a sample was also polished and spectra were taken afterwards). For depths greater than about 1 μm from the surface, no relative differences were observed in the Raman spectra. However, the structural modifications at the sample surface (<1 μm region) were strikingly different from that in the bulk of the glass (>1 μm region) (Fig. 5 ) (see also [12] for more details). The surface Raman spectra showed a large peak at 1552 cm −1 indicating the formation of molecular oxygen (note that a very small peak was observed after Xe ion irradiation). No molecular oxygen was observed in the bulk of the glass. The relative intensity of the broad band from 850 cm −1 to 960 cm −1 (peaked at 910 cm −1 in the pristine) increased in the surface spectrum. The intensity of the peak at 630 cm −1 decreased in the surface spectrum (a decrease in the danburite like units indicates a decrease in the BO 4 content) and the position of the R-band decreased by about 3 cm −1 , whereas it increased by about 6 cm −1 in the bulk (From many studies one can note that a [19] [20] [21] for various spectra. Phase separation also tends to decrease the position of the R-band [19, 22] ). These results show that the surface and bulk of the glass tend to behave differently. The surface evolves towards an alkali and BO 4 deficient, and molecular oxygen enriched structure with a lower mixing of Si and B atoms.
The sample was subsequently irradiated with 4 × 10 13 Xe.cm −2 . Due to the structural and composition differences between the surface and bulk, the response to ion irradiation was also different (Fig.  6 ). Xenon ion irradiation caused a destruction of the molecular oxygen present in the surface layer (compare 1552 cm −1 peak in spectra 1 and 2). A new peak emerged at 960 cm −1 and its origin is uncertain. In the 750 cm −1 to 800 cm −1 range, the intensity of the region close to 800 cm −1 increased, whereas, the intensity close to 760 cm [27] [28] [29] ). These results indicate a preferential formation of 3-coordinated boron atoms, particularly the formation of boroxol rings. The relative intensity of the peak at 630 cm −1 decreased and a new small peak emerged at 600 cm −1 . The position of the R-band decreased by about 2 cm −1 . In contrast, the position of the R-band in the bulk increased by about 4 cm −1 (compare spectra 3 and 4). The relative intensity in the 760 cm −1 to 800 cm −1 range did not show any significant difference after Xe ion irradiation and no new peak was observed at 960 cm −1 in the bulk of the glass. It is important to note that ion irradiation of the pristine (blue graph in Fig. 4) and bulk of the electron pre-damaged glasses -irrespective of the dose (green and pink graphs in Figs. 4 and 6 respectively) , resulted in the same final structure.
These changes clearly show that the response of the borosilicate glass surface to external ion irradiation depends on the nature and ex Fig. 6 . Comparison of the Raman spectra of electron and electron + ion irradiated glass. Raman spectra after an electron irradiation dose of 4.57 GGy are shown in red (for the surface) and green (for the bulk). The Raman spectra of 4.57 GGy +4 × 13 13 Xe.cm −2 are shown in blue (for the surface) and pink (for the bulk). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) tent of the pre-existing damage due to electron irradiation, whereas, the final state of the bulk of the glass is independent of the pre-existing damage.
ToF-SIMS
The ToF-SIMS profile of sodium ions obtained in the centre of the pristine and electron irradiated samples is shown in Fig. 7 (the intensity of the Na + was normalised by the intensity of the Si + ions). A depth of about 660 nm was observed to be depleted of the sodium Fig. 7 . ToF-SIMS profile of sodium ions in pristine and a sample irradiated with 2.3 MeV electrons up to 4.57 GGy. The profile was taken in the centre of the sample surface (centre of 6 mmx6 mm side). The intensity of the Na ions was normalised by the intensity of silicon ions (more details can be found in Ref. [12] . atoms after a dose of 4.57 GGy. No changes were observed in the intensities of boron and silicon atoms. This clearly shows that electron irradiation caused a depletion of sodium atoms from the glass surface. As no structural changes were observed after irradiation with 0.15 GGy, the ToF-SIMS was not performed at this dose level.
Swelling
The swelling induced by the xenon ion irradiation was calculated by measuring the step height between the ion-irradiated and masked part of the sample and dividing it by the range of the Xe ions (12.5 μm). This approach assumes that the swelling of first few hundred nanometers of the surface -which was depleted of the sodium atoms, is of the same magnitude as that of the bulk. (Fig. 8a) . Thus, the sample with no electron pre-damage showed maximum step height and the one with maximum electron pre-damage showed minimum step height upon Xe ion irradiation. The swelling induced by the Xe ions evaluates to be 3.1%, 2.9% and 2.3% for pristine, 0.15 GGy and 4.57 GGy samples respectively (shown by the blue bars in Fig.  8b) .
Because the Raman spectra of 4 × 10 13
Xe.cm −2 , 0.15 GGy+4 × 10 13 Xe.cm −2 and 4.57 GGy+4 × 10 13 Xe.cm −2 irradiated BS3 samples are exactly the same (bulk spectra), we can, therefore, assume that their swelling level (with respect to the pristine glass) is also similar (∼3.1% in all the cases). Then one can simply calculate the "maximum possible swelling level (∼3.1%)" minus "swelling during electron-ion sequential irradiation (which is the step height as shown in Fig. 8a , divided by the ion range. This is shown by the blue bars in Fig. 8b) " to yield the pre-existing swelling due to Step height measurements on pristine and electron pre-irradiated BS3. The swelling was calculated by dividing the step heights by the Xe ion range (∼12.5 μm).
electron irradiation. This calculation shows that the electron doses of 0.15 GGy and 4.57 GGy had already induced a swelling of about 0.2% and 0.8% respectively (shown by the red bars in Fig. 8b . This is discussed in more detail in section-4).
Vickers micro-Hardness
The hardness was measured on pristine, 0.15 GGy, 0.15 GGy samples irradiated with various Xe ion fluences, 4.57 GGy and 4.57 GGy+4 × 10 13 Xe.cm −2 irradiated samples (see Table 2 ). No change in the hardness was observed after irradiation with electrons up to 0.15 GGy and a hardness decrease of −20 ± 3% was observed after electron irradiation up to 4.57 GGy.
On subsequent ion irradiation, a maximum hardness decrease of −35 ± 3% was observed in the pristine and electron pre-irradiated samples irrespective of the initial electron dose. For the case of pristine and, 0.15 GGy + Xe (various Xe fluences), the hardness was observed to saturate after irradiation with 8 × 10 12 Xe.cm −2 . The sample with an initial electron dose of 4.57 GGy was irradiated with a single fluence of 4 × 10 13 Xe.cm −2 . Therefore, the fluence dependence of the hardness for this sample is not known. Thus, one cannot conclude anything about the impact of the pre-existing hardness decrease (-20% at 4.57 GGy) on the saturation fluence of the Xe ions.
Discussion
Response of the pristine samples to electron or ion irradiations
As discussed in more details in Ref. [12] and briefly in the current article, the surface of the glass irradiated by 2.3 MeV electrons up to 4.5 GGy tends to evolve towards a phase separated glass with a lower mixing of boron and silicon atoms. This can be attributed to the loss of the sodium atoms from the surface (∼660 nm) as observed with the ToF-SIMS. On the contrary, the bulk of the glass did not show any tendency towards phase separation after electron irradiation up to 4.57 GGy. From Raman (current study) and NMR spectroscopy [12] , a slight decrease in the polymerization of the glass network was observed after electron irradiation. In addition, a decrease of the boron coordination and an increase of the non-bridging oxygen atoms around Si and B atoms was observed.
The Xe ion irradiated glass evolved similarly as the bulk of electron irradiated glass but with a higher degree of structural evolution as indicated by the magnitude of the R-band shift and modifications in the Q n region. Furthermore, a higher degree of swelling and hard ness decrease was observed upon ion irradiation in a previous study [3] .
Response of the bulk to electron and subsequent ion irradiation
Raman spectroscopy showed that ion irradiation of the pristine and bulk of the electron pre-irradiated glasses evolved towards the same final state. Therefore, one can conclude that the electron pre-irradiation did not alter the nature of the defect/structural evolution under ion irradiation. The maximum damage was however imposed by the heavy ions (judging from the extent of the structural variation, hardness decrease and the swelling level). Since ion irradiation of the pristine and bulk of the electron pre-irradiated glasses resulted in the same final structure and the level of the hardness decrease was also found to be same (-35%), therefore, it is plausible to consider that the saturation swelling level was attained during this study and it is same for the pristine and electron pre-irradiated BS3. Although, the degree of swelling (step height) from ion irradiation of the electron pre-irradiated glass decreased, it can be simply attributed to the fact that the electron irradiation itself induced a small level of swelling prior to the ion irradiation. Thus, electron and subsequent ion irradiation resulted in an additive damage formation and swelling. Since the maximum level of swelling of the BS3 glass is constant (a number of studies have shown that BS3 glass shows a maximum swelling of 3.2% [3, 30] ), the pre-existing level of swelling due to electron irradiation was calculated to be 0.8% at 4.57 GGy and 0.2% at 0.15 GGy (note that the maximum ion-induced swelling is about 4 times higher than the maximum electron induced swelling). It was shown in an earlier study that the structural changes of the BS3 glass saturate after 4.57 GGy [12] , therefore, 0.8% represents the maximum level of swelling that electrons can induce in a simple sodium borosilicate glass like BS3. Electrons thus contribute at most 25% to the global swelling. Note that it was assumed that the sodium-depleted region (∼600 nm) should undergo a similar level of swelling as the bulk of the ion irradiated glass. Therefore, the global level of the swelling does not change. Even if the sodium-depleted region had undergone a different level of swelling, it would not significantly alter the global swelling level owing to its small depth in comparison to the range of the xenon ions (12.5 μm).
Response of the surface to electron and subsequent ion irradiation
The surface of the BS3 glass irradiated up to 4.57 GGy showed significantly different structural modifications relative to the changes in the bulk. A depth of about 660 nm from the surface was depleted of the sodium atoms after irradiation with 4.57 GGy. Due to a loss of the sodium atoms, a significant transformation of BO 4 to BO 3 can be expected to occur in the sodium-depleted region. Such a transformation should increase the local concentration of the non-bridging oxygen atoms (NBO). As a result of the local concentration increase, a certain fraction of the NBO atoms in the depleted region may recombine and result in the formation of molecular oxygen -as observed in the Raman spectra. The changes like decrease in the R-band position and a decrease in the intensity of the peak at 630 cm −1 indicate a BO 3 rich surface. As BO 3 has a higher tendency to mix with other BO 3 units [31] , this can potentially result in boron rich and silica/borosilicate rich phases on the glass surface. Although there is no direct evidence of any macroscopic phase separation, a decrease in the R-band position is usually observed upon phase separation in borosilicate glasses [19] . Furthermore, high dose electron irradiations using TEMs is well known to result in phase separation and oxygen bubble formation in a number of multi-oxide glasses (see Ref. [12] for de tails). Such studies further support the idea that the sample surfaces in the present study showed a tendency towards boron-silicon demixing.
The effect of ion irradiation on the electron pre-irradiated surface was found to be significantly different from the response of the electron pre-irradiated bulk. Ion irradiation induced a significant decrease of the 630 cm −1 peak and an increase in the 800 cm −1 peak intensities. Both these changes suggest that ion irradiation tends to drive the surface towards boroxol rich structure (3-coordinated boron rich) . A further decrease in the R-band position suggests more boron silicon de-mixing due to ion irradiation. Note that heavy ion irradiation of the pristine BS3 has never been observed to result in a decrease of the R-band position so far. Thus, it is purely an effect due to the electron pre-irradiation. In addition, a new peak near 960 cm −1 was observed and molecular oxygen disappeared after ion irradiation. The origin of this new peak and the fate of the molecular oxygen is not known at the moment. A possible reason for the disappearance of the molecular oxygen may be associated to its ionization due to high energy Xe ions. Such an ionization effect can lead to the formation of reactive oxygen atoms/radicals which may diffuse through the network faster than the molecular oxygen. Such radicals may, therefore, alter the defect kinetics/evolution during ion irradiation as observed in amorphous silica [9] . The new peak at 960 cm −1 is possibly an effect of this complex new reaction mechanism involving oxygen atoms/radicals.
Long-term response of the nuclear glass waste matrices
Complex glasses like French SON68 -which is closest to the actual French nuclear waste glass R7T7, show a swelling of about 1.3% and 0.6% under heavy ion irradiation [2] and self-irradiation due to alpha decays [2] respectively. If it is assumed that the electrons in such complex glasses cause the same degree of damage as in the simple glass compositions like BS3, then a maximum swelling of about 0.3% can be expected from the electrons (0.25 × 1.3%; assuming a maximum of 25%contribution from electrons as discussed in section 4.2). However, complex glasses due to the mixed alkali effect and presence of transition metals and lanthanides [32] are usually more resistant to electron irradiation, therefore, 0.3% represents the maximum possible swelling due to electrons in complex glasses like SON68. Ion-induced swelling thus represents the maximum level of swelling nuclear waste matrices can be expected to undergo in the long-term. The dose level of 4.57 GGy is reached almost after 100 years. At this time, the nuclear energy deposition due to alpha-decays should be about 1 × 10 20 keV cm −3 . At such dose level, nuclear energy induces about 15-20% of the maximum damage level. In a completely additive effect scenario, the global swelling after about 100 years can be expected to be about 40-45% of the maximum swelling level. This assumption however completely ignores the fact that the high glass matrix temperature during the initial phase may cause defect annealingleading to a recovery phenomenon not observed at low temperatures (anyway, the electron irradiation in the present study was performed at about 350 K, which is not too low). Therefore, more studies aimed at addressing this point should be undertaken. In any case, the presence of initial cracks in the glass can easily accommodate such level of expansion without inducing any severe stresses on the canister.
These results highlight that the irradiation sensitivity and behaviour of the surfaces can significantly differ from that of the bulk. A key question is now to evaluate if the structure, properties and response of the electron and electron-ion irradiated surfaces can be regarded as a representative of the radiation damage occurring at the glass-canister interface and surfaces exposed in the cracks. Therefore, further studies addressing the impact of the vacuum (pressure) as well as temperature on the surface alkali depletion phenomenon and its possible impact on the subsequent ion irradiation effects should be undertaken on complex glass compositions. Finally, it is important to highlight that care must be exercised when comparing the chemical reactivity or leaching behaviour of the surfaces with that of the bulk of the externally irradiated glasses as surfaces and bulk tend to have different structures depending on the dose level.
Conclusion
Electron and electron-ion sequential irradiations of a sodium borosilicate glass (BS3) were performed with 2.3 MeV electrons and 96 MeV Xe ions to study the effect of the defects created during electron irradiation on the response of the glass to subsequent ion irradiation. The surface, which was found to be depleted of the sodium atoms and enriched in molecular oxygen after electron irradiation, behaved differently than the bulk of the electron-irradiated glass to subsequent ion irradiation. Ion irradiation of the pristine and bulk of the electron pre-irradiated glasses resulted in the same final state irrespective of the pre-existing electron irradiation damage level. After ion irradiation of either the pristine or bulk of the electron-irradiated glass, a swelling of 3.1% and a decrease of glass hardness by −35% was observed. In addition, the Raman spectroscopy showed that the final structural states were same (glasses were depolymerised). This shows that the electron irradiation induced defects do not alter the response of the bulk of the glass towards subsequent ion irradiation.
On the other hand, electron irradiation induced defects in the surface region (<1 μm depth) changed the response of the surface towards ion irradiation. The molecular oxygen created during electron irradiation was destroyed upon ion irradiation and the surface showed more tendency towards Si-B demixing.
These results highlight that it is reasonable to correlate the ion irradiation response of either the pristine glasses or bulk of the electron pre-irradiated glasses with the long-term irradiation response of the bulk of the nuclear waste matrices. However, the same is not true for simulating the irradiation response of the exposed surfaces of the waste matrices. Further studies aimed at addressing the relevance of the surface alkali depletion mechanism to the nuclear waste glass matrices should be undertaken. Since the surfaces of the pristine and electron pre-irradiated glasses showed different behaviour upon ion irradiation than their bulk, therefore, to better understand the long-term response of the exposed surfaces, defects due to electron pre-irradiation may need to be considered.
